Polyhydroxylated compounds are building blocks for the synthesis of carbohydrates and other natural products. Their synthesis is mainly achieved by different synthetic versions of aldolcoupling reactions, catalyzed either by organocatalysts, enzymes or metal-organic catalysts. We have investigated the formation of 1,4-substituted 2,3-dihydroxybutan-1-one derivatives from para-and meta-substituted phenylacetaldehydes by three distinctly different strategies. The first involved a direct aldol reaction with hydroxyacetone, dihydroxyacetone or 2-hydroxyacetophenone, catalyzed by the cinchona derivative cinchonine. The second was reductive cross-coupling with methyl or phenyl glyoxal promoted by SmI 2 resulting in either 5-substituted 3,4-dihydroxypentan-2-ones or 1,4 bis-phenyl substituted butanones, respectively.
INTRODUCTION
Aldol reactions are fundamental to synthetic organic chemistry, by providing a route for the facile formation of a carbon-carbon bond between two stereogenic centers. The use of enzymes for this transformation has proven extremely valuable, as exemplified by the efficient synthesis of a number of carbohydrate derivatives.
5
Efficient and stereoselective aldol synthesis from α-unsubstituted aldehydes, such as e.g. phenylacetaldehyde, is a persisting challenge. This may, however, be achieved with aldolase biocatalysts 6 and has also been demonstrated to be catalyzed by an aldolase-mimicking catalytic antibody 7 and with L-Pro. 
RESULTS AND DISCUSSION
Synthesis Rationale. Our main goal was to evaluate routes to obtain the disubstituted diols 4−21
(Scheme 1, Figure 1 ). The purpose was two-fold: (i) to identify facile access to all of the four Scheme 1. Synthesis of 1,4-substituted 2,3-dihydroxybutanones using either an aldol reaction catalyzed by cinchonine (a), or a reductive cross-coupling (b), or (c) by aldolase catalyzed aldol reaction.
3 possible stereoisomers of these aldols, and (ii) to test the usefulness of a biocatalytic route to produce enantio-and diastereomerically pure aldol derivatives. Although the possibility to synthesize enantiopure compounds can be regarded as highly advantageous, it may also be a limitation since the other three stereoisomers are not readily accessible. Thus, in this work we have compared two synthetic approaches with a biocatalytic route for production of these substituted 2,3-dihydroxybutanones and 3,4-dihydroxypentanones.
The acceptor aldehydes represent a structural series of para-and meta-substituted phenylacetaldehydes (1a-f, Figure 1 ) 11 containing both electron-withdrawing as well as electrondonating substituents. In the direct aldol reaction, hydroxyacetone (2a), dihydroxyacetone (2b), and 2-hydroxyacetophenone (2c) were tested as donor reactants. In the SmI 2 afforded reductive coupling, methyl-(3a) and phenylglyoxals (3b) were reacted with aldehydes 1a-f. An R134V/ S166G variant of fructose 6-phosphate aldolase (FSA) 10, 12 was employed to catalyze aldol reactions of 1b-f and dihydroxyacetone (2b).
Cinchonine Catalyzed Aldol Reactions. Building on the successful use of cinchona derivatives for activating phenyl-substituted 2-hydroxyketones, as reported by Mlynarski and coworkers, 3h
we investigated the cinchonine catalyzed aldol addition of unprotected 2-hydroxyketones 2a-c to aldehydes 1b-f (Table 1) . A two-fold excess of the ketones were used due to their commercial availability and low cost, as opposed to aldehydes 1b-f that require preparation in two steps.
11
The direct aldol reactions were successful with the phenylsubstituted ketone 2c as donor, but gave poor yields when using 2a or 2b. Thus, reaction of 2-hydroxyacetophenone (2c) with 1b-f, in the presence of 20-30 mol % of cinchonine in CHCl 3 at room temperature, produced 1-phenylsubstituted aldols 5-9 in moderate yields (40−44 %) and with moderate to excellent diastereomeric excess of the syn isomers (de = 60−99 %). The enantiomeric ratios of the syn enantiomers ranged between 3.5−2.7:1, with the most stereoselective reaction being between pmethoxyphenylacetaldehyde (1b) and 2c. The assignment of diastereomer configurations is described in a separate section below.
Samarium Diiodide Promoted Reductive Cross Couplings. Previous reports on the synthesis of diols 4 and 10 9b by samarium diiodide promoted coupling of glyoxals 3a and 3b to 5 phenylacetaldehyde led us to compare this approach with the organocatalytic route with cinchonine. Two equivalents of either methyl or phenylglyoxal (3a and 3b) were reacted with aldehydes 1a-f in the presence of 0.1 M SmI 2 in THF at room temperature. The reactions of phenylglyoxal were faster, and gave higher total yields than those of methylglyoxal (3a, Table   1 ). The products (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) were mixtures of the anti and syn diastereomers, at ratios close to unity.
The diastereomers could be readily separated on reversed phase HPLC systems. The respective racemic mixtures of enantiomers were also, in most cases, separable by chiral chromatography without prior derivatization ( Figure S1 ). Hence, the use of SmI 2 widens the product scope to also provide the substituted 5-phenyl-3,4-dihydroxypentan-2-ones 11-15.
Aldolase catalyzed aldol reactions. The biocatalyzed reactions by the R134V/S166G ('VG') variant of E. coli fructose 6-phosphate aldolase (FSA) increased the product scope further, beyond that of the chemical approaches, to also provide routes to the corresponding 1,3,4-trihydroxylated pentanones 16-21. In all cases, only one stereoisomer was obtained, the syn (3R,4S) enantiomer, as judged by the similarity with previously reported NMR and specific optical rotation data for 16 5c and order of elution in chiral chromatography ( Figure S1 ). The yields ranged between (10-37 %), albeit no attempts to optimize reaction or purification conditions were made here.
Stereoconfigurations. Structure determination by X-ray crystallography following crystallization of the racemic mixture of the aldol 5a pool, produced by the samarium diiodide approach, where "a" refers to the firstly eluted product pool after reversed phase HPLC, resulted in a structure of the (2R,3R) enantiomer (anti configuration, Figure 2a diastereomeric configuration can be made also for 4-21 ( Table S2 ). The crystal structures of the 4'-chloro derivatives (2R,3R)-6 and (3S,4R)-12 were also determined (Figure 2b, c) . The proton NMR data of the corresponding 6a and 12b elution pools and the absolute configuration of the crystallized enantiomers supports the previous argument with J HH coupling constants of 5.8 for 6a and 2.0 for 12b, suggesting anti and syn diastereomeric configurations, respectively, confirmed by the crystal structures. Aldol (2R,3R)-5 crystallized in a non-centrosymmetric chiral space group (P2 1 ) which allowed for assignment of absolute configuration to the different elution pools of 5a after chiral chromatography of the redissolved crystal (Figure 3a) . Both (2R,3R)-6
and (3S,4R)-12, crystallized in centrosymmetric space groups which precluded the assignment of absolute configurations of the HPLC-separated enantiomers by the same approach. anti conformations of the same hydrogens. The modeled structures are presented in Figure S2 .
As a comment, the torsion angles between the planes of either the hydroxyls or the hydrogens bound to the asymmetric carbons are very similar when comparing the crystal structure of (2R,3R)-5 and the corresponding MD simulated structure ( Figure S2 ).
As mentioned, the coupling constants determined for aldol 5 display values of 5.5 Hz and 1.6
Hz for anti-5 and syn-5, respectively. Upon translating the average dihedral angles computed from the simulation to the NMR proton coupling constants using the Karplus equation, 13 we obtained coupling constants of 9.1 Hz and 1.3 Hz for the anti and syn diastereomers of 5, respectively. While we overestimate the coupling constant for the anti configuration of 5, overall, these numbers fit well with previous experimental findings.
14 Furthermore, the hydrogen-hydrogen distance distribution (Figure 4b ) correlates well with the dihedral angle data. That is, we note shorter distances for the (2R,3S) and (2S,3R) enantiomer conformations predicted to favor H-gauche-conformations and greater distances for enantiomers predicted to favor H-anti-conformations. We also examined the distance distribution between the two hydroxyl oxygens to explore the possibility of intramolecular hydrogen bonding between these atoms ( Figure 4c ). These distance distribution plots indicate the possibility of hydrogen bond formation between the hydroxyl groups for the syn diastereomers. However, in the (2R,3R) and (2S,3S) enantiomers (anti diastereomers), the distance distribution plots show the hydroxyl groups at greater distances apart (~3.7 Å), suggesting that they are positioned too far away from each other, thus preventing formation of an intramolecular hydrogen bond, as would be expected from anti-conformations.
CONCLUSIONS
We have assessed three distinctly different routes for aldol reactions that provide 1,4-disubstituted 2,3-dihydroxy butanones. In this process, we generated 15 new vicinal diols that are present to varying degrees in both diastereomeric forms. The use of cinchonine catalysis allowed for the synthesis of diasteromerically relatively pure syn products that are also enantiomerically enriched, although to moderate degrees (ee = 40−60 %). However, among the three hydroxyketones used as donors, only 2-hydroxyacetophenone gave aldol products in moderate yields. The SmI 2 promoted reaction of aldehydes and methyl-or phenylglyoxal generated product mixtures for both glyoxals, but without any stereochemical enrichment. Thus, this approach provides facile access to both the syn and anti diasteromers of these 2,3-dihydroxybutanones. We have recently demonstrated the successful synthesis of a limited series of aldols sharing the same skeleton structure as 4, using the engineered variant of FSA also employed here together with an R134M/S166A variant.
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Employing aldolase catalysis can complement and expand on the product scope of the synthetic approaches. Since, as demonstrated here and by others,
the enzyme also accepts dihydroxyacetone as a ketone donor in the direct aldol reaction, it opens up avenues for the syntheses of the corresponding trihydroxylated butanones from the same class of aldehydes.
To conclude, the applied combination of synthetic strategies described here allows for synthesis of a range of polyhydroxylated butanones of different stereoconfigurations. The samarium diiodide approach is the least stereoselective but, on the other hand, provides access to all stereoisomers, whereas the biocatalytic route produces enantiopure (3R,4S) syn trihydroxylated products under reaction conditions that are 'greener' than either of the other studied strategies. The possibility to use genetic engineering and directed evolution to optimize catalytic properties of enzymes such as stereoselectivity and catalytic efficiency further emphasizes the attractiveness of moving towards biocatalytic aldol synthesis. For compounds 4-21, "a" and "b" were used to designate the different diastereomer pools following separation on reversed phase HPLC, where "a" corresponded to the anti and "b" to the syn diastereomer, respectively. c Determined from the area under peak after reversed-phase HPLC on a C-8 column.
d
Determined from the area under peak after chiral HPLC on a Chiralpak AS-H column ( Figure S1 ). ). Phenylacetaldehydes 1a-1f were prepared as described.
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Other reagents and solvents were used as purchased without further purification unless otherwise stated. TLC was performed on Silica Gel f254 plates (Merck, Darmstadt, Germany) with detection by UV light.
Preparative reversed-phase HPLC was performed on a Kromasil C-8 column (250×21.2 mm Ø, 5 m) using a Gilson HPLC equipped with a Gilson 322 pump, UV/Visible-156 detector and 202 collector. Acetonitrile-water gradients were used as eluents with a flow rate of 15 mL/min and detection at 214 or 254 nm.
Chiral HPLC was performed using a Chiralpak AS-H column (250×4.6 mm Ø) with isocratic mixtures of varying ratios of n-hexane/isopropanol (Table S1 ) as mobile phase. The system used an LC 20AD solvent delivery module, a Shimadzu SIL-10AF autosampler, and a Shimadzu SPDM20A photometric unit with a 0.6 mL/min flow rate and 50 min analysis time for each sample ( Figure S1 ).
X-ray crystallography:
Single-crystal X-ray diffraction data were recorded at room temperature with a Bruker D8 SMART APEX II CCD diffractometer (operating with graphite monochromated MoKα radiation, λ = 0.71073 Å). The structures were solved by direct methods.
Coordinates of all non-hydrogen atoms were obtained from the initial solution and refined first in isotropic and then anisotropic approximation. Coordinates of hydrogen atoms connected to carbon atoms were calculated geometrically, while those attached to oxygen atoms were located in difference Fourier syntheses. All hydrogen atoms were included into the final refinement in as the force field parameters obtained from this server have been found to be capable of reproducing physicochemical properties for a wide range of molecules.
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As our starting point, all four enantiomers of 5 were solvated in a cubic box of TIP3P 17 water molecules with dimensions of ca. 38 × 38 × 38 Å. All the systems were energy minimized for 1000 steps using the conjugate gradient algorithm and then simulated for 5 µs at 300 K. The MD simulations were performed using an isobaric-isothermal (NPT) ensemble, in which the number of particles, the pressure, and the temperature were kept constant. The Langevin dynamics was used to maintain the simulation temperature at 300 K, and the Langevin piston 18 was employed to keep the pressure close to 1 atm. Periodic boundary conditions were employed for all systems, and the long-range electrostatic interactions were accounted for using the particle-mesh Ewald (PME) approach.
19
A pair-list distance cutoff of 1.4 nm was used in all simulations. The electrostatic and short-range van der Waal cutoffs were set to 1.2 nm, and a smooth 1.0 nm 15 cutoff of van der Waals forces was employed. The equations of motion were integrated using a 2.0 fs time step, and the SHAKE algorithm 20 was used to constrain the length of covalent bonds to the hydrogen atoms. All simulations were performed using NAMD 2.13.
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General procedure for preparing 1,4-substituted 2,3-dihydroxybutanones (samarium diiodide method): A dry, 2-necked 250 mL round-bottom flask was charged with a solution of phenyl-or methylglyoxal (5.32 mmol, 2.0 equiv) in dry THF (10 mL). The flask was stirred magnetically and blanketed with nitrogen while the aldehyde (2.66 mmol, 1.0 equiv) was added, followed by SmI 2 in THF (0.1 M, 100 mL, 10 mmol). After stirring for 2 hours at room temperature under nitrogen, aqueous HCl (0.1 M, 50 mL), was added to the mixture, and it was then extracted (3×100 mL) with diethyl ether. The combined etheral layers were washed with aq. Na 2 S 2 O 3 (4 %, w/v) then brine, dried (MgSO 4 ) and concentrated. The residue was purified by preparative reversed-phase HPLC using acetonitrile/water 20:80 % as the mobile phase. For HPLC details, see the General Methods subsection.
General procedure for preparing 1,4-substituted 2,3-dihydroxybutanones (cinchonine method):
A round-bottom flask was charged with a solution of cinchonine (0.2-0.3 mmol) and hydroxyacetophenone or hydroxyacetone (2 mmol, 2 eq.) in CHCl 3 (2.5 mL). Aldehyde (1.0 mmol, 1.0 eq.) was added while stirring at room temperature. Stirring was continued until TLC (ethyl acetate/pentane 1:3) showed complete disappearance of starting material (60-120 h). The mixture was taken up in ethyl acetate (25 mL) and washed with water, saturated aq. NaHSO 3 (2×10 mL), water, and brine, then it was dried (MgSO 4 ) and concentrated. The residue was purified by preparative reversed-phase HPLC as described in the previous paragraph. was added, to a total reaction volume of 20 ml. Reactions were incubated in the dark at 30 °C and 75 rpm for 24 h. Thereafter, the reaction mixtures were filtered through a 0.45 µM pore size PVDF membrane. The pH was adjusted to 5.0 and products were extracted with ethyl acetate (3×10 ml). The combined organic pools were dried over Na 2 SO 4 , filtered. The solvent was subsequently removed under vacuum. The crude products were purified by preparative reversedphase HPLC as described in the General Methods section.
Properties of synthesized compounds (for yields, see Table 1 55, 75.50, 77.56, 127.09, 129.12, 129.61, 129.68, 129.72, 129,99, 130.56, 134.52, 137.37, 140.07, 202 .51. 37, 75.67, 76.38, 127,54, 129.44, 129.57, 129.59, 129.76, 129.98, 134.59, 134.58, 134.67, 135.93, 139.75, 201 .80. 55.59, 75.65, 77.54, 114.57, 129.67, 129.70, 131.53, 131.83, 134.50, 137.41, 159.62, 202.49 55.66, 75.48, 75.59, 129.44, 129.77, 131.560, 131.561, 134.58, 135.96, 159.91, 201.91 94, 75.22, 77.39, 129.14, 129.70, 129.75, 132.21, 132.95, 134.56, 137.38, 138.92, 202.41 32, 75.14, 77.39, 127.22, 129.03, 129.72, 129.76, 130.60, 130.65, 134.58, 134.89, 137.39, 142.59, 202.42 . HRMS: Calc. 76.23, 127.57, 129.01, 129.52, 129.82, 130.62, 130.98, 134.63, 135.24, 136.07, 142.40, 201.67 . 72, 75.39, 77.42, 115.56, 115.77, 129.71, 129.74, 132.17, 132.25, 134.58, 135.94, 135.98, 137.38, 161.75, 202.48 42, 75.27, 76.00, 115.98, 116.19, 129.47, 129.80, 132.20, 132.28, 134.61, 135.79, 135.82, 136.05, 161.90, 164.31, 201.79 . 38, 75.18, 77.40, 113.66, 113.88, 117.15, 117.36, 126.42, 126.44, 129.73, 129.77, 130.68, 130.76, 134.58, 137.41, 143.03, 143.10, 151.30, 151.80, 202.45 923 (dd, J = 7.6, 13.4, 1H, H-4a), 3.058 (dd, J = 6.7, 13.4, 1H, H-4b), 4.125 (ddd, 1.7, 6.7, 7. NMR, δ 40.99, 75.03, 76.18, 114.03, 114.24, 117.14, 117.35, 126.41, 126.44, 129.50, 129.80, 131.09, 131.18, 134.62, 136.06, 142.76, 142.84, 163.11, 165.54, 201.70  27.38, 40.19, 75.41, 81.24, 127.20, 129.21, 130.71, 139.98, 212.75. 3,4-Dihydroxy-5-phenylpentan-2-one (syn isomer, 10b)  26.48, 40.99, 74.76, 79.73, 127.35, 129.42, 130.52, 139.88, 212.43 .  27.37, 39.25, 55.63, 75.55, 81.18, 114.66, 131.66, 131.78, 159.71, 212. (d, J = 1.6, 1H, 4.136 (ddd, J = 1.6, 7.2, 7.3, 1H, 6.850 (m, 2H, ArH), 7.194 (m, 2H, ArH);  26.45, 40.08, 55.64, 74.90, 79.60, 114.86, 131.44, 131.73, 159.78, 212.50  27.41, 39.50, 75.06, 21 81.15, 129.20, 132.32, 133.03, 138.88, 212.73 40.58, 74.39, 79.97, 127.44, 128.98, 130.57, 130.86, 135.14, 132.45, 212.21 27.40, 39.29, 75.24, 81.14, 115.62, 115.83, 132.30, 132.38, 135.90, 135.93, 161.81, 164.22, 212.77  26.53, 40.66, 40.67, 74.42, 79.93, 113.90, 114.11, 117.08, 117.30, 126.39, 126.41, 130.97, 131.05, 142.83, 142.90, 163.08, 165.50, 212.24 67.87, 75.15, 78.11, 114.85, 131.40, 131.66, 159.77, 214.12 . 33, 67.89, 74.59, 78.44, 127.44, 128.94, 130.54, 130.86, 135.14, 142.36, 213.76 83, 67.89, 74.87, 78.31, 115.84, 116.05, 132.09, 132.17, 135.79, 135.82, 161.84, 164.26, 213.91 39, 67.89, 74.61, 78.41, 113.89, 114.11, 117.04, 117.25, 126.34, 126.36, 130.97, 131.05, 142,33, 142,80, 163,08, 165,50, 213,82 (c=0.18 g/100 ml in CHCl 3 , l=1 dm).
2,3-Dihydroxy-4-phenyl-1-phenylbutan-1-one (syn isomer, 4b)

2,3-Dihydroxy-4-(4'-methoxyphenyl)-1-phenylbutan-1-one (anti isomer, 5a)
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